Mitochondria are not only major sites for energy production but also participate in several alternative functions, among these generation of nitric oxide (NO), and its different impacts on this organelle, is receiving increasing attention. The inner mitochondrial membrane contains the chain of protein complexes, and electron transfer via oxidation of various organic acids and reducing equivalents leads to generation of a proton gradient that results in energy production. Recent evidence suggests that these complexes are sources and targets for NO. Complex I and rotenone-insensitive NAD(P)H dehydrogenases regulate hypoxic NO production, while complex I also participates in the formation of a supercomplex with complex III under hypoxia. Complex II is a target for NO which, by inhibiting Fe-S centres, regulates reactive oxygen species (ROS) generation. Complex III is one of the major sites for NO production, and the produced NO participates in the phytoglobin-NO cycle that leads to the maintenance of the redox level and limited energy production under hypoxia. Expression of the alternative oxidase (AOX) is induced by NO under various stress conditions, and evidence exists that AOX can regulate mitochondrial NO production. Complex IV is another major site for NO production, which can also be linked to ATP generation via the phytoglobin-NO cycle. Inhibition of complex IV by NO can prevent oxygen depletion at the frontier of anoxia. The NO production and action on various complexes play a major role in NO signalling and energy metabolism.
Introduction
Nitric oxide (NO) synthesis in plants and its different metabolic and signalling functions have received massive research attention over the last decades. NO signalling has been reported to be involved in a plethora of processes spanning various abiotic and biotic stress responses and functions in specialized cells such as stomata and various root cell types (Mira et al., 2016; Li et al., 2017) . That said, the pathways involved in the synthesis and further catabolism of NO in plants remain relatively poorly understood . Further NO action on various proteins is still under investigation. In plants, multiple distinct oxidative and reductive pathways for NO synthesis have been postulated which assume the role of NO synthase (NOS) that is apparently lacking in higher plants. Arguably, the best understood of these pathways are those involving nitrate reductase (NR), which under the conditions resulting in low pH and high nitrite levels can catalyse the conversion of nitrite to NO (Chamizo-Ampudia et al., 2017) , and the involvement of the mitochondrial electron transport chain (ETC) in nitrite reduction to NO Gupta and Igamberdiev, 2011) . However, whilst NR and the mitochondrial ETC may be the predominant routes, little is known concerning the regulatory hierarchies that control NO production (and its scavenging) and how these vary to match the prevailing environmental conditions. Several lines of evidence suggest that mitochondria are the source and target for NO .
Plant mitochondria generate NO under anoxia through the action of cytochrome c oxidase (COX) and other ETC components, such as complex III, by using nitrite. There is some evidence that plant mitochondria also generate NO even under normoxic conditions (reviewed in Gupta and Igamberdiev, 2016) . The produced NO has a great impact on various processes associated with mitochondria. For instance, NO has been shown to be involved in O 2 balance in mitochondria by competitively inhibiting COX which can oxidize it to nitrite when the oxygen concentration increases (Benamar et al., 2008) . NO is also involved in the inhibition of aconitase (Navarre et al., 2000) and succinate dehydrogenase (Simonin and Galina, 2013) , and the induction of AOX (Royo et al., 2015) as well as in the nitrosylation of several proteins including glycine decarboxylase (Palmieri et al., 2010) and peroxiredoxin IIF . The plant mitochondrial ETC contains components that are ubiquitous throughout nature. The classical ETC is comprised of four large protein complexes (I, II, III, and IV) which are interconnected via the lipid-soluble quinone (ubiquinone, UQ), and also contains a small mobile electron transfer protein cytochrome c. Electron flow from NADH to oxygen is coupled to proton translocation out of the matrix, to drive phosphorylation of ADP via complex V which is the membrane-bound F 1 F 0 -type H + -ATP synthase of mitochondria. In addition to the classical components, the plant ETC contains several non-phosphorylating (non-energy-conserving) respiratory pathways of electron transport from NAD(P)H to oxygen . Among these alternative pathways, the AOX constitutes the cyanide-resistant respiratory pathway which branches from the respiratory chain at UQ, catalysing the oxidation of ubiquinol (UQH 2 ) and the reduction of oxygen to water. Electron transfer via the AOX pathway greatly reduces mitochondrial ATP production because it is not coupled to proton translocation and competes with the COX pathway, further reducing the proton translocation at complex III and IV (Del-Saz et al., 2017) . The other components of the alternative pathways are a number of the type II NAD(P)H dehydrogenases on different sides of the inner membrane. Cytosolic NADH and NADPH can be oxidized via at least two NAD(P)H:UQ oxidoreductases defined as NDB and located on the outer surface of the inner membrane (Rasmusson et al., 2008) , whereas matrix-derived NAD(P)H is oxidized by the internally facing type II dehydrogenases; one (defined as NDA) is specific to NADH and the other (NDC) is specific to NADPH and activated by Ca 2+ (Rasmusson et al., 2008) .
The components of mitochondria are essential for energy production via oxidative phosphorylation driven by oxidation of organic acids and also for performing a wide range of other physiological functions related to stress tolerance and retrograde signalling . Despite the known contribution of mitochondria to NO production, how it impacts the regulation and control on the complexes forming the mitochondrial ETC is currently incompletely understood. In this review, we provide information on what is known concerning the participation of each component of the plant mitochondrial ETC regarding the production and consequent action and/or signalling of NO in mitochondriabased energy metabolism.
Complex I and its interaction with NO
Complex I is the main (type I) NADH:ubiquinone oxidoreductase of mitochondria. It is, additionally, the first and most complicated complex of the mitochondrial ETC and the primary entry point of NADH-derived electrons to mitochondria. This L-shaped complex can be comprised of in excess of 40 subunits, one FMN molecule, and eight Fe-S clusters (Braun et al., 2014) . The plant complex I is highly conserved and comprises the 40 core subunits also reported in the corresponding mammalian and fungal complexes in addition to eight or nine plant-specific subunits (Senkler et al., 2017) . It thus seems reasonable to assume that the well-known mechanisms of action of NO on complex I of animal and fungal mitochondria may also operate on the plant mitochondrial complex I. In Arabidopsis, the L-shaped structure of complex I consists of a hydrophobic arm which is embedded within the mitochondrial inner membrane and a hydrophilic arm protruding into the mitochondrial matrix. An additional spherical domain is attached to the membrane arm at a central position on its matrix-exposed side (Subrahmanian et al., 2016) . This domain contains five γ-type carbonic anhydrases (CAs), expected to catalyse the reversible hydration of CO 2 to HCO 3 − . It should, however, be noted that their in vivo activities have not yet been demonstrated (Fromm et al., 2016a) , but the presence of CAs has been demonstrated to be necessary for the assembly of complex I (Fromm et al., 2016b) . It was previously reported that the β-form of CA is regulated by tyrosine nitration under high temperature stress in sunflower (Chaki et al., 2013) . It is possible that a similar regulation may take place for the mitochondrial CA and that this would affect the assembly of complex I. Further studies of the complex I-associated CA can examine the role of NO in regulation of complex I assembly and activity.
Complex I is a major source of reactive oxygen species (ROS) production and has been implicated in programmed cell death via its involvement in the opening of the mitochondrial permeability pore (Chauvin et al., 2001) . In mammalian mitochondria, it was demonstrated that mitochondrial cAMP-dependent protein kinase is involved in phosphorylation of the 18 kDa subunit of complex I (Papa et al., 2002) , whilst in both plant and animal systems is has been documented that NO can bind to soluble guanylate cyclase causing its activation and thereby enhancing the rate of cGMP production (Durner et al., 1998) . As such, it would appear that NO can contribute to the activation of complex I. NO can, additionally, react with oxygen leading to the formation of NO 2 , which consequently can rapidly react with another molecule of NO leading to the formation of N 2 O 3. N 2 O 3 can, in turn, either nitrosate (nitrosylate) amines yielding nitrosamines, or bind to reduced cysteine residues leading to the formation of S-nitrosothiols. The NO + group is directly transferable between different S-nitrosothiols, a process known as trans-nitrosation (or trans-nitrosylation which is less correct in this case) (Brown and Borutaite, 2004) . In the case of nitrosation, a nitrosonium ion (NO + ) binds to amine or thiolate, while in nitrosylation a direct addition of NO to a reactant takes place (Heinrich et al., 2013) . NO can rapidly react with superoxide, yielding a stable toxic intermediate called peroxynitrite (ONOO − ), which can cause tyrosine nitration of proteins, and is known to inhibit complex I (Cassina and Radi, 1996) .
In animal systems, it was demonstrated that excess levels of NO and/or reactive nitrogen species (RNS) inhibit complex I. NO can inhibit complex I in various ways. It inhibits the Fe-S centre of complex I which depends in vivo on NOS activity (Drapier and Hibbs, 1998) . In a similar way NO causes catalytic S-nitrosation of the iron-sulphur centre of aconitase (Gardner et al., 1997) . Similarly to aconitase (Castro et al., 1998; Royo et al., 2015) , peroxynitrite can also rapidly inactivate complex I via removal of a particular labile iron atom of the 4Fe-4S iron. In plant systems, peroxynitrite production occurs during programmed cell death. However, the exact impact of increased peroxynitrite levels on complex I in plants is not yet known. The long-term incubation of pea leaf mitochondria with a peroxynitrite donor leads to a time-dependent inhibition of the COX pathway; however, the respiratory chain components responsible for this inhibition have not been identified to date . It will be interesting to ascertain whether the hypoxia-induced NO plays a role in regulation of complex I components in order to maintain tight control of mitochondrial metabolism. Lancaster and Hibbs (1990) detected the removal of iron from susceptible iron-sulphur centres by NO reacting directly with the iron and forming iron-nitrosyl complexes. Prolonged exposure of macrophages to high concentrations of NO led to persistent inhibition of complex I activity, which was reversible following the addition of reduced compounds, which implies that NO reversibly inhibits complex I activity by S-nitrosylation of critical thiol groups within the enzyme (Clementi et al., 1998) . However, despite the fact that several studies identified S-nitrosylated proteins including those localized to the mitochondria Lázaro et al., 2013) , there is, as yet, no report concerning nitrosylation of any of the constituent proteins of complex I.
Using the cytoplasmic male-sterile (CMS) mutant of Nicotiana sylvestris lacking NAD7, one of the subunits of the respiratory complex I, Shah et al. (2013) investigated the link between NO turnover and fermentative metabolism. The CMS mutant displayed an increased expression of the class 1 non-symbiotic haemoglobin (phytoglobin) under hypoxia and also under normoxia. This increase was associated with a 10-fold reduction in NO production, low aconitase activity, and increased activities of fermentative enzymes such as alcohol dehydrogenase and lactate dehydrogenase, even under normoxia. These authors concluded that the lack of complex I leads to the induction of fermentative metabolism. The defect in NAD7 in the CMS mutant is partially compensated by the increased respiratory rate via the cytochrome pathway and increased capacity of the rotenone-insensitive NADH oxidation, although the mutant still exhibits an impaired adjustment to high irradiances, drought, and biotic stress (Gutierres et al., 1997; Priault et al., 2006; Vidal et al., 2007; Galle et al., 2010) . Shah et al. (2013) explained the inability of a CMS mutant to produce NO under hypoxia in a way that the reduced capacity to oxidize NADH leads to expression of the class 1 phytoglobin that efficiently scavenges most of the NO produced in the cell. It is known that phytoglobin expression is triggered by the availability of ATP and free calcium in plant cells Hill, 1997, Nie et al., 2006) . Gupta et al. (2017) recently found that incubation of mitochondria with nitrite under hypoxia leads to increased nitrite reduction to NO, ATP production, and protection of the mitochondrial structure which was associated with increased protein levels and specific activity of complex I. They concluded that the increased complex I abundance and activity could contribute directly to the maintenance of mitochondrial function and protection of structure under low oxygen conditions by promoting the reduction of nitrite to NO. Nitrite incubation under hypoxia leads to the increased abundance of supercomplex I+III 2 (Gupta et al., 2017) , which suggests that nitrite reduction to NO influences the formation of supercomplex I+III 2 . Thus, supercomplex I+III 2 formation appears to be important for the maintenance of mitochondrial function and integrity under hypoxia. Indeed, in support of this theory, long-term hypoxia (36 h) has been shown to increase the supercomplex activity in potato mitochondria (Ramírez-Aguilar et al., 2011) which could improve the efficiency of electron transport by configuring correct folding of the mitochondrial cristae (Cogliati et al., 2016) .
Alternative NAD(P)H dehydrogenases and NO metabolism
The alternative dehydrogenases oxidize NADH and NADPH from the external and internal sides of the inner mitochondrial membranes. They belong to the type II dehydrogenases (alternative to complex I and classified into three groups NDA, NDB, and NDC) and contain an EF-hand domain for Ca 2+ binding (Geisler et al., 2007; Hao et al., 2015) . They are, additionally, specific for the protonated forms of NADH or NADPH (Edman et al., 1985) , insensitive to rotenone, and their activities do not generate a proton gradient (Møller et al., 1993; Møller, 1997) . A low pH increases the affinity of Ca 2+ for NDB-type dehydrogenases and thus activation, indicating that the cytosolic acidification is an important activator of external NADPH oxidation (Hao et al., 2015) . There are four genes in Arabidopsis encoding the NDB-type dehydrogenases, although not all of them are expressed in all tissues or stages of development (Rasmusson et al., 2008) . The NDB-type dehydrogenases correspond to two Ca 2+ -dependent activities, one specific to NADH having low sensitivity to diphenyleneiodonium and another specific to NADPH with high sensitivity to diphenyleneiodonium (Roberts et al., 1995) . Nitrogen supply affects expression of both dehydrogenase activities (Escobar et al., 2006) . A low pH optimum and Ca 2+ dependence of the NDB-type dehydrogenases suggest that they would have a major function during hypoxia (Subbaiah et al., 1998) . The observed stimulation of the release of Ca 2+ from mitochondria by NO (Richter, 1997) indicates that the NDB-type dehydrogenases can be involved in NO metabolism. The external NADH and NADPH oxidation by mitochondria plays an important role during the hypoxic stage of seed germination (Logan et al., 2001) . The turnover of nitrate, nitrite, and NO in highly hypoxic plant tissues, designated as the phytoglobin-nitric oxide cycle (Igamberdiev and Hill, 2009; Cochrane et al., 2017) , involves oxidation of NADH and NADPH in mitochondria. This process is insensitive to rotenone, suggesting that complex I is not involved, while NADPH oxidation exhibits sensitivity to diphenyleneiodonium (Stoimenova et al., 2007) .
Participation of the NDB-type dehydrogenases in NO metabolism is also connected with their role in NAD(P) H-dependent NO degradation via generation of superoxide anion which further interacts with NO, forming peroxynitrite (ONOO − ) (de Oliveira et al., 2008) . This type of NO degradation is stimulated by calcium and abolished by superoxide dismutase and complete anoxia. These findings indicate that NDB dehydrogenases actively generate superoxide and are involved in superoxide-dependent NO degradation. Although peroxynitrite is highly toxic in animal cells due to its role in tyrosine nitration (Poyton et al., 2009) , in plants it can be more readily scavenged by the thioredoxinperoxiredoxin system (Wulff et al., 2009; Selles et al., 2012) . The fact that NDB-type dehydrogenases are induced in transgenic Arabidopsis plants down-regulated in the expression S-nitrosoglutathione reductase also points to their role in NO homeostasis (Frungillo et al., 2013) .
Participation of the alternative internal NADH dehydrogenase (NDA-type) and NADPH-dehydrogenase (NDCtype, calcium dependent) (Møller and Rasmusson, 1998; Bykova et al., 2014) in NO metabolism and NO-dependent regulation is also theoretically possible; however, there are few experimental data concerning this to date. Anyhow, given that NADH and NADPH are generated via operation of the phytoglobin-NO cycle in the cytosol, participation of the NDB-type external dehydrogenases would probably be more important with respect to NO turnover in plants. While the expression of the internal dehydrogenases NDA (encoded by two genes in Arabidopsis) and NDC (encoded by one gene in Arabidopsis) can be related to photosynthesis, the dehydrogenases of the NDB type do not exhibit a response to light (Michalecka et al., 2003; Escobar et al., 2004) . This indicates that they probably oxidize excess NADH and NADPH produced by various stress-related processes rather than being directly related to photosynthesis. One such process could be related to the induction of the phytoglobin-NO cycle; however, considerable further experimentation is required to substantiate this hypothesis. Figure 1 depicts the involvement of the NDB-type dehydrogenases (oxidizing NADH and NADPH) under anoxia in supplying redox equivalents from the cytosol to UQ and further to the complexes III and IV that participate in NO formation. In normoxic conditions, when the tricarboxylic acid (TCA) cycle is fully operative, the oxidation of NADH internally via complex I and the NDA-type dehydrogenase becomes prevalent, as shown in the figure.
ROS production and NO action on mitochondrial complex II Succinate dehydrogenase (SDH), as a part of complex II (succinate:ubiquinone oxidoreductase), plays an important role in mitochondrial metabolism (Araújo et al., 2012; Huang and Millar, 2013) . This complex catalyses the oxidation of succinate to fumarate and the reduction of UQ to UQH 2 , thereby linking the TCA cycle and the mitochondrial ETC. SDH is composed of four subunits SDH1-SDH4. SDH1 is a flavoprotein exhibiting a dicarboxylate-binding site and an FAD cofactor; SDH2 is an iron-sulphur protein subunit that contains three Fe-S clusters; whilst SDH3 and SDH4 contain the UQ-binding site (Q-site) (Jardim-Messeder et al., 2015) . It was additionally found that aside from complexes I and III, complex II is a considerable source for ROS production and regulates plant development and stress response (Gleason et al., 2011; Jardim-Messeder et al., 2015) . Moreover, the SDH1-1 mutant of Arabidopsis thaliana (Fuentes et al., 2011) and an RNAi line of SDH2-2 of tomato showed increased photosynthesis, nitrogen assimilation, and stomatal conductance, suggesting a link between ROS homeostasis and plant growth and development. Simonin and Galina (2013) found that adding some NO donors such as SNAP (S-nitroso-N-acetyl-dl-penicillamine) or DETA-NONOate led to a 70% reduction in state 3 oxygen consumption rates. Simultaneously, a 45-fold increase in the K m value of SDH for succinate was observed in the presence of NO, and the effect was independent of oxygen. These authors additionally found that NO inhibits complex II at either its UQ site or its Fe-S centres. The study of Araújo et al. (2011) revealed that inhibition of the iron-sulphur subunit of SDH enhances photosynthesis and growth in tomato via an organic acid-mediated effect on stomatal aperture.
Under many stress conditions, NO accumulation occurs (Mur et al., 2013) ; moreover, mitochondria themselves produce NO via reduction of nitrite to NO by complexes III and IV. Thus, the accumulated NO can regulate ROS production by complex II, especially under stress conditions such as hypoxia where ROS production increases (Vergara et al., 2012) . Recently, by using the transgenic barley plants differentially expressing phytoglobins, it was demonstrated that inhibition of respiration by NO under normoxic conditions leads to increased internal oxygen and reduced ROS production . Jardim-Messeder et al. (2015) demonstrated that application of the NO donor SNAP induced GLUTATHIONE-S-TRANSFERASE PHI TYPE 8 (AtGSTF8) expression in Arabidopsis, and induction of this gene was suppressed in the presence of the inhibitor of SDH, malonate, suggesting that NO action on SDH plays a role in the induction of antioxidant enzymes. The study of Jardim-Messeder et al. (2015) demonstrated that SDH-dependent ROS production impaired the expression of different genes related to the cell cycle. Thus SDH-dependent production of ROS and SDH inhibition by NO represent a major crossroads between ROS and RNS that can have a very important role in the regulation of ROS and NO metabolism and signalling in the course of adaptation of plants to stress conditions such as oxygen deficiency.
Alternative oxidase and NO
The AOX protein is a mitochondrial ETC component that directly couples UQH 2 oxidation with O 2 reduction to water (Møller et al., 2010) . In contrast to the UQH 2 oxidation activity of the cytochrome pathway (complexes III and IV), the AOX route is non-proton pumping and thus could allow high rates of electron transport under high energy charge. As a consequence, the flux through AOX could thereby prevent over-reduction of the respiratory chain and minimize ROS generation (Millenaar et al., 1998) . Evidence in support of this theory was provided by a recent study revealing that AOX knockdown tobacco lines exhibited an increased mitochondrial superoxide (O 2 − ) production Vanlerberghe, 2012, 2013) . In parallel, the lines deficient in AOX expression were characterized by an increased foliar level of NO which was localized at the mitochondria. These data strongly suggest that AOX contributes to the control of mitochondrial NO production under normoxic conditions, although the exact site of NO generation in normoxia was not then unravelled. Later, albeit indirect, further evidence suggesting that plant mitochondrial respiration is controlled by NO production under normoxic conditions was provided by the observation of both increased NO scavenging and respiration in barley roots overexpressing phytoglobin .
Previously it was shown that NO does not inhibit AOX (Millar and Day, 1996) and induces its expression (Huang et al., 2002; Royo et al., 2015) . By inducing AOX, NO can probably control both ROS and NO levels, a feature especially useful for signalling and performance under stress conditions. For instance, it was found that AOX induction takes place in the presence of the bacterial elicitor harpin due to the enhanced levels of NO (Huang et al., 2002) , whilst the induction of AOX by NO was documented to result in the protection of plants from Tobacco mosaic virus (TMV) (Fu et al., 2010) . In order to gain a more complete picture, an evaluation of the co-expression of genes involved in NO production and the mitochondrial ETC is provided in Supplementary Fig. S1 at JXB online. NO can induce AOX via inhibition of aconitase followed by accumulation of citrate (Gupta et al., 2012) , which is a specific inducer of AOX genes (Vanlerberghe and McIntosh, 1996) . AOX expression is significantly correlated with changes in nitrogen metabolism in plants under normoxia and in reoxygenation after hypoxic treatment, making it a key factor for providing plant adaptation to changing concentrations of oxygen (D.W. Cochrane et al., unpublished results). The profiles of major amino acids, sugars, and organic acids correlated with the expression of AOX in tobacco plants, showing its role in switching from fermentation to respiration by providing an additional pathway for electron transport which is not inhibited by NO.
It is important to note that, beyond its transcriptional effects, mitochondrially produced NO can also result in the nitrosylation of proteins and as such promote cell death (Palmieri et al., 2010) . Moreover, the expression of AOX has frequently been shown not to correlate with its activity in vivo which is mainly post-translationally regulated (Del-Saz et al., 2017) . The in vivo activities of AOX and COX pathways can be determined with the oxygen isotope fractionation technique in the absence of inhibitors (Del-Saz et al., 2017) . Therefore, the use of this technique offers multiple advantages for NO-related respiratory studies, such as the avoidance of previously discussed side effects of the respiratory inhibitors (Gupta and Igamberdiev, 2016) . Furthermore, the use of isotope ratio mass spectrometry can also provide accurate assessments of NO production (Conrath et al., 2004) which could potentially be combined with determination of the in vivo respiratory pathway activities. Thus, isotope ratio MS measurements in different mutants with altered levels of NO (Gupta et al., 2012 and/or in tissues exposed to different NO/O 2 levels can potentially provide very useful and quantitative information to unravel the precise role of NO in the control of the mitochondrial ETC activity.
As another in vivo approach, experiments using AOXknockout and overexpressing plants have recently provided evidence that AOX contributes to NO generation by the mitochondrial ETC (Alber et al., 2017) . These experiments have allowed the authors both to attribute the site of NO production categorically to the mitochondrial ETC (see a more detailed discussion in the next section) and to prove the influence of AOX on this reaction. Intriguingly, several lines of evidence suggest that the hypoxic NO production from mitochondria is several orders of magnitude higher than that under normoxia (Gupta and Igamberdiev, 2011; Gupta et al., 2017) (Fig. 1) and it would appear that AOX1A induction requires a considerably higher NO concentration than that which is produced under normoxia. However, when this observation is viewed from a broader perspective, it is probably no surprise since countless examples have been reported indicating that metabolic regulation under hypoxia is highly specialized (Loreti et al., 2016) and therefore often quite different from that under normoxic conditions. A possibility of anaerobic NO production from nitrite by AOX was explored by inhibiting the cytochrome pathway by KCN and AOX by salicylhydroxamic acid (SHAM) (Planchet et al., 2005) (Table 1) . It was revealed that after partial inhibition of the mitochondrial NO production by KCN, SHAM application results in almost complete inhibition of NO generation from nitrite. The broad specificity of SHAM does not allow a conclusion to be drawn on whether AOX directly produces NO. The use of transgenic plants would provide more insights into the involvement of AOX in NO production.
Complex III is a site of NO production
Complex III, ubiquinol:cytochrome c oxidoreductase, is comprised of 10 subunits including the bifunctional, matrixprocessing peptidase proteins . One subunit of this complex, cytochrome b, is encoded in the plant mitochondrial genome. The involvement of complex III in reduction of nitrite was first shown in mammalian mitochondria . These authors found that the cytochrome bc 1 complex is a plausible site of nitrite reduction. The mechanism could be similar to that suggested by Sun and Trumpower (2003) for superoxide anion formation (Fig. 2) . It was found that this pathway becomes active under anoxic conditions where NO generation by animal mitochondria is sensitive to myxothiazol . Myxothiazol inhibits the Q cycle which leads to a decrease in the reduction of the bc 1 complex from UQH 2 . Myxothiazol acts via destabilization of the semiquinone species by interference Inhibition by myxothiazol (20 µM) eliminates the contribution of complexes III and IV, inhibition by KCN (2 mM) eliminates the contribution of complex IV, an inhibition by SHAM eliminates the contribution of AOX.
with their binding to the pocket of the bc 1 complex .
Later it was found that the unicellular green alga Chlorella sorokiniana is able to generate NO under anoxic conditions and that myxothiazol (Q o -site inhibitor) and antimycin A (Q isite inhibitor of complex III) are able to inhibit anoxic NO production (Tischner et al., 2004) . Then, using tobacco cell suspensions and roots of an NR double mutant on isolated mitochondria, it was demonstrated that mitochondrial complex III is responsible for NO production Planchet et al., 2005) . Using antimycin A and myxothiazol, Alber et al. (2017) unravelled the site of NO production in complex III. Under normoxic conditions, incubation of leaf slices with myxothiazol and antimycin A leads to increased NO production. Using antisense and overexpression lines of AOX and an inhibitor approach, they concluded that electron pressure in complex III can result in the generation of NO followed by the induction of AOX. Alber et al. (2017) found that antimycin A and myxothiazol both increased NO production. However, the increase was considerably higher in the antimycin A than the myxothiazol treatment, despite the fact that myxothiazol had the greater impact on the rate of respiration. A large increase in NO was similarly found in AOX knockdown plants after treatment with antimycin A, but co-infiltration of myxothiazol and antimycin A reduced the NO level in knockdown plants in comparison with antimycin A treatment alone, suggesting that myxothiazol can negate NO production induced by antimycin A. In order to find out whether the observed NO production was due to nitrite, the authors grew plants on ammonium nutrient media supplemented with NO 2 − and found that the NO production was indeed NO 2 − dependent and that the ETC itself was responsible for NO production in mitochondria as increased NO depended on the site of the UQH 2 oxidation centre (Q o -site).
The release of superoxide by complex III takes place from both sides (Muller et al., 2004; Xu and Arriaga, 2009) ; the same is possible for the release of NO since it can proceed by the same mechanism as the formation of superoxide (see Fig. 2 ).
The findings in Alber et al. (2017) are highly pertinent in two independent ways. First, they provide concrete evidence linking the electron pressure in complex III of the mitochondrial ETC to NO generation and the role for AOX as a dissipator of this production. Secondly, they posit an attractive model wherein complex III is a key signal generator of ROS and NO whilst AOX assumes a downstream regulatory role. A multitude of studies concern the complex interactions between salicylic acid, ROS, NO, and AOX. Hence the authors' concluding statement is that analysing a range of biotic stress responses may prove an interesting model to tease out further details concerning the role of NO-and AOX-mediated components of mitochondrial signalling, which takes place, in particular, during the stomatal response (Cvetkovska et al., 2014) . We do feel, however, that addition of biotic stresses to these treatments would probably further accelerate the detailed elucidation of this complex system. This aligns with the mechanism of reduction of O 2 to superoxide by complex III (Møller, 2001) . The reduction of nitrite to NO by complex III can contribute to anoxic ATP production; this was evidenced by decreased anoxic oxidation of NAD(P)H and ATP formation in the presence of myxothiazol in barley and rice mitochondria (Stoimenova et al., 2007) . Gupta et al. (2017) recently found that in hypoxia, complex III participates in formation of supercomplex I+III 2 , suggesting that complex III has a role in increasing electron channelling under low oxygen; this could be one of the key factors of increased ATP production and protection of mitochondria under hypoxia (Gupta et al., 2017) . In Pisum sativum, it was found that the Fig. 2 . Contribution of complex III (bc 1 complex) to formation of NO from nitrite following Sun and Trumpower (2003) who suggested a similar mechanism for superoxide formation. Dashed arrows designate movement of ubiquinol (QH 2 ) or ubiquinone (Q) within the membrane. Red crossed lines indicate sites of inhibition by antimycin A and myxothiazol. In the side reaction shown by red arrows, ubiquinol oxidation is disrupted, one electron is transferred to the Fe-S cluster, and an unstable ubisemiquinone anion is formed and reacts with nitrite to form nitric oxide, similarly to the formation of superoxide anion from oxygen. b L and b H , two b-type cytochromes of the complex; Q − , ubisemiquinone. Nitrite reduction is shown on both sides of the mitochondrial membrane (Muller et al., 2004) .
I+III 2 supercomplex is a rigid structure and does not break down into subcomplexes. It has been suggested that complex I+III formation in the presence of nitrite under hypoxia can tightly control electron flow (Gupta et al., 2017) .
Cytochrome c and NO
Cytochrome c itself can be an important site of nitrite reduction to NO when electron transfer to complex IV is suppressed (Basu et al., 2008; Feelisch et al., 2008) . To react as a nitrite:NO reductase, cytochrome c should turn from the hexacoordinate to pentacoordinate state which can occur via nitration of tyrosines (Poyton et al., 2009) . The involvement of cytochrome c in NO formation in plants has not been investigated yet, but studies on animal mitochondria confirm its role in NO turnover which is triggered by NO-dependent tyrosine nitration. Location of cytochrome c on the outer side of the inner mitochondrial membrane and its release to the cytosol during apoptosis (Virolainen et al., 2002) suggest that NO formation by this protein takes place from the outer site of the inner mitochondrial membrane, and during its release in the course of apoptosis this process can be displaced to the cytosol.
Another site of NO effects in plants at the level of cytochrome c is l-galactono-1,4-lactone dehydrogenase (GalLDH) which can be considered as a part of the mitochondrial ETC, represents the last step in ascorbate biosynthesis, and supplies electrons to cytochrome c (Rodríguez-Ruiz et al., 2017) . It is also required for the assembly of complex I (Pineau et al., 2008) . This enzyme is stimulated by NO at the transcriptional and post-transcriptional levels; however, no nitration or nitrosylation has been reported. The observed stimulation opens up the possibility of increased ascorbate production by plants upon NO treatment.
Complex IV and NO
Complex IV is called cytochrome c oxidase (COX). This is the terminal oxidase of the ETC. In Arabidopsis, the COX complex contains 14 protein bands, and out of these eight proteins have homology to known COX subunits from other organisms whereas six proteins are plant-specific COX subunits (Millar et al., 2004) . Compared with all other ETC complexes, NO production and action on this complex have been extensively studied. Millar and Day (1996) found that addition of NO to isolated mitochondria of soybean leads to inhibition of respiration via the cytochrome c pathway. In this study they found that AOX is insensitive to NO. Partial inhibition of COX could lead to de novo AOX protein synthesis (Millar and Day, 1996) . Inhibition of COX by NO has various advantages. One of the best examples is regulation of respiration in response to a decrease in oxygen levels where down-regulation of respiration under low oxygen prevents the excessive use of resources and oxygen depletion (Gupta et al., 2009; Zabalza et al., 2009) . The analysis of the respiratory rate in the presence of SHAM and KCN revealed that regulation of respiration at low oxygen occurs due to down-regulation of oxygen consumption. Since NO production takes place at low oxygen levels (Stoimenova et al., 2007) , the produced NO might be responsible for down-regulation of respiration. However, changes in the in vivo electron partitioning between COX and AOX pathways under low oxygen conditions remain to be determined, and the rates of oxygen consumption after the addition of inhibitors only allow for the determination of respiratory pathway capacities (Del-Saz et al., 2017) . In vivo activity determinations of both AOX and COX pathways at different NO concentrations could be useful to test whether or not the induction of the AOX pathway is dependent on the NO inhibition of COX (Alber et al., 2017) . Benamar et al. (2008) , by using EPR spin-trapping of NO within membranes, found that nitrite reduction at complex III reversibly inhibits COX, and thereby it plays a role in maintaining the steady-state level of oxygen in mitochondria. Recently, by using transgenic barley plants overexpressing class 1 phytoglobin, it was found that NO tightly controls respiration, possibly via inhibiting COX which leads to the increase of internal oxygen levels to maintain homeostasis of oxygen and ROS .
NO inhibits COX apparently by two different type of reactions differing in NO binding to two separate components of the oxygen-binding site (Fig. 3) Brown and Borutaite, 2004) . Both forms of inhibition are rapid and reversible. This inhibition can elevate the apparent K m of respiration for oxygen (Brown, 1999 ] formation that occurs at high electron fluxes .
Interestingly, plant mitochondrial COX also participates in NO production. The treatment of tobacco cell suspensions and isolated mitochondria with nitrite leads to increased levels of NO, and this NO production is sensitive to KCN, suggesting that COX is one of the sites for NO production (Planchet et al., 2005; Stoimenova et al., 2007) . NO formation is linked to oxidation of iron by nitrite after its binding at the fully reduced Fe a3 Cu B centre. The process is facilitated by a decrease of pH (Castello et al., 2006) . The function of COX as a nitrite:NO reductase is, therefore, mediated by a decrease in pH and can be linked to proton pumping (Gupta and Igamberdiev, 2011) . The produced NO leads to increased energy efficiency under hypoxia. Inhibiting mitochondria with KCN even under strong hypoxia leads to reduced ATP production along with reduced NO production (Stoimenova et al., 2007) . The availability of oxygen, nitrite, and NO determines the redox state of the COX centre that contains haem a 3 and copper B (Fe a3 Cu B ), that, in turn, depends on the redox state of cytochrome c. In the absence of oxygen, Fe 2+ donates the electron for nitrite reduction to NO. However, the concrete details of this mechanism still need further investigation (reviewed in Gupta and Igamberdiev, 2011) .
Conclusions and future prospects
Almost every complex of the mitochondrial ETC can interact with NO, be a target of NO, and participate in metabolism of NO (Table 2) . Mitochondrial complexes contain several units and they interact with each other to form supercomplex structures. Supercomplex formation is also influenced by nitrite and NO. In animal systems, the mechanism of NO production and action of NO in mitochondria are well established. NO production pathways in plant mitochondria and action on these organelles need more attention as mitochondria are the central organelles for ATP generation, ROS production, and retrograde signalling. Hence future research should focus on identification of S-nitrosylated and nitrated proteins of these complexes. More research is required in the area of understanding the mechanism of NO production in mitochondria. Several mutants of Arabidopsis deficient in various mitochondrial complexes are available; targeted research on these mutant lines including accurate measurements of the in vivo activities of the main respiratory pathways would provide new insights for better understanding the NO regulatory role of mitochondrial metabolism in stress tolerance.
Supplementary data
Supplementary data are available at JXB online. Fig. S1 . Co-expression analysis of Arabidopsis genes encoding components of the mitochondrial electron transport chain.
